Chinese hamster cells have large interstitial (TTAGGG) bands (ITs) which are unstable and should be protected by an unknown mechanism. Here, we expressed in Chinese hamster V79 cells green fluorescent protein (GFP)-tagged human TRF1, and found that a major fraction of GFP-TRF1 bound to ITs is diffusionally mobile. This fraction strongly decreases after treatment of cells with wortmannin, a protein kinase inhibitor, and this drug also increases the frequency of chromosome aberrations. Ionizing radiation does not induce detectable translocation of GFP-TRF1 to the sites of random double-strand breaks visualized using antibodies against histone c-H2AX. TRF1 is known to be eliminated from telomeres by overexpression of tankyrase 1 which induces TRF1 poly(ADP-ribosyl)ation. We transfected V79 cells by plasmid encoding tankyrase 1 and found that the frequency of chromosome rearrangements is increased in these cells independently of their treatment by IR. Taken together, our results suggest that TRF1 is involved in sequence-specific protection of internal nontelomeric (TTAGGG)n repeats.
Introduction
Genomes of higher eukaryotic organisms contain large number of dispersed and tandem DNA repeats and double-strand breaks (DSBs) arising within repeats produce extremely clastogenic DNA ends which may be misjoined or lead to unequal crossingover (Smith, 1976) . However, chromosomes are relatively stable, indicating the existence of efficient mechanisms suppressing this breakage, misjoining and unequal recombination (Radman, 1991) . One special mechanism protecting mammalian telomeres has been recently discovered. The key player in this protection is telomeric protein TRF2, which binds to terminal (TTAGGG)n repeats and forms 2-25 kb duplex DNA loop (called t-loop) insulating DNA ends from nonhomologous end-joining (NHEJ) and telomere fusions (reviewed in de Lange, 2002) . Important roles in the protection of telomeres are also played by Ku-protein, DNA-PK and POT1 (Bailey et al., 1999; Hsu et al., 1999; Samper et al., 2000; d'Adda di Fagagna et al., 2001; Baumann and Cech, 2001; Gilley et al., 2001; Allen et al., 2002; Goytisolo and Blasco, 2002) as well as ataxia teleangiectasia-mutated (ATM) protein kinase (reviewed in Pandita, 2001 Pandita, , 2002 . Kuprotein can be recruited to telomeres by TRF2 or by another (TTAGGG)n-binding factor TRF1 , which represent the main factors of sequence-specific control of telomeres in somatic mammalian cells. TRF1 gene is highly conserved in human and Chinese hamster showing 95% identity (Smilenov et al., 1998) . TRF1 and TRF1-binding protein TIN2 negatively regulate telomere length (van Steensel and de Lange, 1997; Kim et al., 1999) . Another sequence-specific (TTAGGG)n-binding protein complex is identified in mammalian sperm (Zalensky et al., 1997; Gineitis et al., 2000) , but its possible role in telomere functions remains to be established.
TRF1 has been originally identified as (TTAGGG)nbinding telomeric protein (Zhong et al., 1992; Chong et al., 1995) and an almost identical protein was isolated as cell cycle regulatory factor Pin2 (Shen et al., 1997) . Pin2 differs from TRF1 by continuous 20 amino-acids deletion and is 5-10 times more abundant than TRF1 in the cell (Shen et al., 1997) . Both the proteins apparently represent products of alternative splicing of the same gene (Kishi and Lu, 2002) and the significance of indicated 20 amino-acids insert in TRF1 is unclear, since both proteins are indistinguishable in localization and in functional assays (Shen et al., 1997; Kishi et al., 2001) . Human TRF1/Pin2 is directly phosphorylated at Ser-219 by ATM kinase in vitro and in vivo (Kishi et al., 2001; Kishi and Lu, 2002) . TRF1 promotes parallel pairing of (TTAGGG)n repeats in vitro (Griffith et al., 1998) and telomere associations are commonly observed in cells from Ataxia teleangiectasia patients , which suggests that ATM-dependent phosphorylation of TRF1 may suppress telomere associations.
In human genome, tandem (TTAGGG)n repeats are mainly located at telomeres, but about 40% of analysed vertebrate species also contain large blocks of (TTAGGG)n sequences in pericentric and interstitial chromosome bands (Meyne et al., 1990) . These nontelomeric internal (TTAGGG)n sequences (ITs) in Chinese hamster represent about 5% of all genome (Day et al., 1998) . It has been recently shown that Chinese hamster ITs are composed of extensive and essentially continuous arrays of (TTAGGG)n repeats interspersed with AT-rich DNA and retroposons (Faravelli et al., 2002) . Chromosome bands containing these arrays are known to be hot spots of radiationinduced and spontaneous chromosome rearrangements in cultivated cells (Alvarez et al., 1993; Fernandez et al., 1995; Bertoni et al., 1996; Slijepcevic et al., 1996; Day et al., 1998; Morgan et al., 2002) and introduction of (TTAGGG)n repeats into a mammallain gene leads to frequent chromosome rearrangements involving these repeats (Kilburn et al., 2001) . Spontaneous amplification of interstitial telomeric bands was observed in Chinese hamster ovary (CHO) cells (Pandita and DeRubeis, 1995) . The causes of increased instability of (TTAGGG)n sequences are unclear, but it is possible that this instability will be even higher in the absence of protection of ITs against rearrangements. The mechanism of this protection should be different from that of telomeres (formation of t-loops) but may involve sequence-specific recognition of (TTAGGG)n repeats by TRF1 and TRF2. An evidence is obtained for a differential organization of chromatin-containing terminal or internal (TTAGGG)n repeats (Fernandez et al., 1998) . Chinese hamster metaphase chromosome ITs are shown to be associated with TRF1 and TRF2 (Smogorzewska et al., 2000) and we found earlier an association of ITs with TRF1 in the interphase nuclei of CHO cells (Krutilina et al., 2001) .
In this study, we analysed the association with ITs and diffusional mobility of Green fluorescent protein (GFP)-tagged TRF1 in Chinese hamster V79 cells. We found that in these cells, GFP-TRF1 associates with ITs Protection of internal (TTAGGG)n repeats by TRF1 RI Krutilina et al in interphase nucleus and this association is dynamic. A major fraction (460%) of this protein is mobile, but we detected little overlap between IT-associated GFP-TRF1 and random DSB sites visualized after treatment of V79 cells with ionizing radiation (IR). Transfection of Chinese hamster cells with the plasmid encoding tankyrase 1, which is known to bind to and inhibit DNA-binding activity of TRF1 (Smith and de Lange, 2000) , leads to an increased frequency of chromosome aberrations. Taken together, our results are consistent with the view that TRF1 contributes to the protection of ITs from spontaneous breakage.
Results
Association of GFP-TRF1 with internal blocks of (TTAGGG)n sequences in interphase nuclei of Chinese hamster V79 cells Figure 1a -e shows confocal sections through a live V79 cell and Figure 1f shows projection of all sections to the plane from which 414 visible GFP dots can be counted.
In formaldehyde-fixed cells, GFP signal colocalizes with FISH signal from (TTAGGG)n probe ( Figure 1g,h (Slijepcevic and Bryant, 1995) . It should be noted that the total number of internal (TTAGGG)n blocks in Chinese hamster genome is more than 14, since many of them can be only detected by FISH in a fraction of metaphases (Bertoni et al., 1996) . The amount of GFP-TRF1 bound to these small blocks is probably insufficient to give detectable GFP signal in live cells, but these blocks can contain breakpoints of spontaneous chromosome aberrations in Chinese hamster cells, most of which are located at (TTAGGG)n sequences (Bertoni et al., 1996; Slijepcevic et al., 1996; Simi et al., 1998) .
Diffusional mobility of the GFP-tagged TRF1 in Chinese hamster V79 cells and its modulation by wortmannin
To study the diffusional mobility of GFP-TRF1 in Chinese hamster cells, we used Fluorescence Redistribution After Photobleaching ( of the mobile GFP-TRF1 and 20-40% of GFP-TRF1 which is redistributed very slowly. Phosphorylation is known to effect the diffusional mobility of proteins (Misteli et al., 2000) , and we examined whether an inhibitor of ATM kinase and of other PI-3 kinases (Sarkaria et al., 1998) such as wortmannin (WM) can effect the mobility of GFP-TRF1. It is seen from Figure 3a ,b that the mobile fraction of GFP-TRF1 strongly decreases 2 h after incubation of cells with 2 mm WM, indicating that TRF1/Pin2 phosphorylation by ATM kinase (Kishi et al., 2001 ) may be important for mobility of this protein associated with internal (TTAGGG)n sequences. However, we cannot exclude involvement in the maintenance of TRF1 mobility of other WMsensitive protein kinases.
It is possible that TRF1 mobility may also be influenced by local chromatin structure at IT blocks. Some difference in nucleosomal organization of telomeres as compared to bulk DNA was detected and telomeric histone H4 is hypoacetylated (reviewed in Pandita, 2001 Pandita, , 2002 . Although the level of H4 acetylation in IT chromatin is unknown, we examined whether diffusional mobility of GFP-TRF1 is effected by treatment of cells with a potent inhibitor of histone deacetylases, trichostatin A (Yoshida et al., 1990) , which induces global hyperacetylation of histones H3 and H4. We found that incubation of cell with 100 nm trichostatin A for 3 or 28 h does not significantly effect GFP-TRF1 mobility (Figure 3b) . This indicates that possible histone hyperacetylation at IT sites does not alter dynamic binding of GFP-TRF1 to (TTAGGG)n repeats in nontelomeric DNA.
WM treatment of V79 cells increases the frequency of spontaneous and bleomycin-induced chromosome aberrations
Treatment of mammalian cells with WM leads to radiosensitization and suppression of repair of radiation-induced DSBs because of inhibition of DNA-PK (Boulton et al., 1996; Chernikova et al., 1999) . However, potentiation of clastogenic effect of a DSB-inducing agent, bleomycin, by WM is observed in ATM ( þ / þ ) but not in ATM (À/À) human cells (Allio and Preston, 2000) , indicating that it is mainly caused by an inhibition of ATM kinase and not of DNA-PK. ATM kinase is not required for repair of majority of radiationinduced DSBs (Jeggo et al., 1998) , but is important in suppression of spontaneous chromosome aberrations (CAs) in mice in a pathway complementary to NHEJ (Sekiguchi et al., 2001) . This effect may be related to the ability of ATM to phosphorylate DNA repair proteins BRCA1 and NBS1 (Cortez et al., 1999; Gatei et al., 2000; Zhao et al., 2000) , histone H2AX (Burma et al., 2001 ) and TRF1 (Kishi et al., 2001) .
We found ( Table 1 ) that treatment of V79 cells with 2 mm WM significantly increases the frequency of spontaneous and bleomycin-induced CAs. It is likely that these WM effects are caused by an inhibition of ATM, since homozygous ATM mutations are known to ) and 10-15 nuclei were analysed. Effect of 100 nm Trichostatin A was analysed (c) 3 and 24 h after its addition to cells and mobile fraction was estimated after 150 s recovery after photobleaching. In (b), the bleached area in WM-treated cells covering the segments of two nuclei is boxed and numbers show seconds (s) of recovery. Note an absence of fluorescence loss in unbleached areas, confirming the inhibition of GFP-TRF1 redistribution by WM increase the frequency of spontaneous and induced CAs Taylor et al., 1996; Sekiguchi et al., 2001) . ATM kinase phosphorylates not only TRF1/ Pin2, and induction of CAs by WM can also be explained by suppression of phosphorylation of some repair proteins and histone H2AX. However, breakpoints of spontaneous CAs in Chinese hamster cells mostly (490%) arise at sites containing ITs (Bertoni et al., 1996; Slijepcevic et al., 1996; Simi et al., 1998) which dynamically interact with TRF1 (Figure 1) . Threfore, it is likely that WM-induced increase of spontaneous CAs (Table 1) is a consequence of suppression of ATM-dependent phosphorylation and diffusional mobility of IT-bound GFP-TRF1 (Figure 3a,b) .
No translocation of GFP-TRF1 to the sites of random radiation-induced DSBs
Ku-protein interacts with TRF1 and also binds to random radiation-induced DSBs to initiate NHEJ repair (reviewed in Ferguson and Alt, 2001 ). Therefore, we examined the possible translocation of GFP-TRF1 to the sites of random DSBs, which can be visualized in the nuclei using antibodies against Ser-139-phosphorylated histone H2AX, g-H2AX (Rogakou et al., 1999) . GFP-TRF1-transfected V79 cells were treated with IR, fixed at 1, 3 and 6 h later and labeled for g-H2AX in red. We found little overlap between GFP-TRF1 and g-H2AX in cells fixed 1 h after IR (Figure 4 ) as well as in cells fixed 3 and 6 h after IR (data not shown), suggesting that there is no apparent translocation of TRF1 to the sites containing random DSBs.
Therefore, although Ku-protein can be recruited to telomeres in a TRF1-dependent fashion (Hsu et al.,
2000)
, TRF1 is not recruited to the sites of random DSBs by Ku-protein. However, we cannot exclude the possible involvement of TRF1 in a rare sequencespecific processing of DSBs located in IT sequences, representing a small fraction (B5%) of random DSBs. Telomerase-mediated stabilization (healing) of DNA ends at DSBs is detected in several studies (Flint et al., 1994; Sprung et al., 1999) and TRF1 can be involved in the de novo telomere formation (Okabe et al., 2000) , but GFP-TRF1 signal from these telomeres may be insufficient in our assay.
Expression of human tankyrase 1 leads to an increased frequency of spontaneous CAs in Chinese hamster cells
TRF1 is known to be eliminated from telomeres in human cells by introduction of the plasmid-encoding nuclear localization signal (NLS)-tagged poly(ADPribosyl)ation enzyme tankyrase 1, FN-tankyrase 1 (Smith and de Lange, 2000) . This elimination is suggested to be induced by an inhibition of the DNAbinding activity of TRF1 after its specific poly(ADPribosyl)ation by tankyrase 1 (Smith et al., 1998) . We confirmed the expression of FN-tankyrase 1 in transiently transfected V79 cells using anti-FLAG antibodies and found that this enzyme concentrates in the nuclei around GFP-TRF1 nuclear bodies (Figure 5a, arrows) . We also found that there is a negative correlation between the expression of focal FN-tankyrase 1 and of focal GFP-TRF1 (Figure 5b) , consistent with the view that transfected FN-tankyrase 1 suppresses binding of TRF1 to ITs.
Significant increase of CA frequency is detected in FN-tankyrase 1-transfected V79 cells, independently of Figure 4 Simultaneous visualization of GFP-TRF1 and g-H2AX (red) after treatment of V79 cells by IR (2 Gy). Cells were irradiated (Cs-137) 2 days after transfection with GFP-TRF1 plasmid and then incubated in growth medium for 1 h before fixation with 4% formaldehyde. Labeling for g-H2AX has been done as described in Materials and methods their treatment with IR (Table 2) . Among aberrations in tankyrase-transfected cells, chromosome breaks located in large ITs and chromosome end-to-end fusions were found ( Figure 6 ). These results suggest that TRF1 can protect interstitial (TTAGGG)n repeats in Chinese hamster cells against spontaneous chromosome breakage independently of induction of DNA damage by IR.
Discussion
It is shown in this study that in Chinese hamster V79 cells, GFP-TRF1 is associated with internal (TTAGGG)n sequences and that this association is dynamic: a major fraction of this protein (60-80%) continuously exchanges with free GFP-TRF1 molecules and binds again to the same or another IT block. This exchange seems to be functionally significant, since the strong decrease of TRF1 mobile fraction is induced by WM and treatment of cells with this drug also results in an increased frequency of spontaneous CAs which are known to occur mostly at IT sites (Bertoni et al., 1996; Slijepcevic et al., 1996) . It is likely that the indicated effects of WM depend on inhibition of known phosphorylation of TRF1 by ATM kinase (Kishi et al., 2001) which is sensitive to WM. We also found that an inhibition of the binding of TRF1 to ITs induced by overexpression of FN-tankyrase 1 also leads to an increase of spontaneous chromosome breakage. Taken together, these results strongly suggest that dynamic sequence-specific interaction of TRF1 with ITs protects Chinese hamster chromosomes against CAs at internal bands enriched in (TTAGGG)n sequences. The possible mechanism of frequent chromosome breakage at bands containing internal (TTAGGG)n sequences (Bertoni et al., 1996; Slijepcevic et al., 1996) is unclear. It has been shown that the site-specific insertion of 800 bp (TTAGGG)n sequence into an intron of a Chinese hamster gene induces 30-fold stimulation of gene rearrangements, all of which involved indicated repeats (Kilburn et al., 2001) . Intrinsic instability of (TTAGGG)n repeats is also evident from a study in which these repeats were found in human Ataxia teleangiectasia and mouse ATM(À/À) cells in an extrachromosomal state , suggesting the possible breakage and excision of (TTAGGG)n sequences in the absence of TRF1 phosphorylation by ATM.
Chinese hamster internal chromosome bands enriched in (TTAGGG)n repeats are interspersed with AT-rich sequences (Faravelli et al., 2002) and it has been suggested that these bands can arise during DSB repair because of nonhomologous integration of episomal telomeric repeats into unstable AT-rich DNA (Azzalin et al., 2001; Faravelli et al., 2002) . AT-rich DNA may be frequently cleaved by endonuclease encoded by retrotransposons of L1 family (Jurka, 1997) . We analysed the frequency of known cleavage sites for L1 endonuclease Protection of internal (TTAGGG)n repeats by TRF1 RI Krutilina et al (Jurka, 1997; Cost and Boeke, 1998) in three Chinese hamster IT-associated sequences available in GenBank and found (Table 3 ) that this frequency is significantly higher than that in randomly selected Chinese hamster genomic (Fg) or coding (Fc) sequences and is comparable to the frequency of L1 endonuclease sites in the genomic sequence associated with a chromosomal fragile site (Fra1) in Chinese hamster cells (Table 3) . It is possible, therefore, that at least a fraction of spontaneous chromosome breaks at IT bands in Chinese hamster chromosomes depends on L1 endonuclease. However, a question arises as to how TRF1 which only binds to (TTAGGG)n repeats can protect IT bands from cleavage by L1 endonuclease which recognizes other hexamers (Table 3 ). It may be that TRF1 association with ITs promotes compact chromatin structure at these bands, insulating potential cleavage sites for L1 endonuclease. Target DNA chromatinization in vitro suppresses nicking by L1 endonuclease at most of the cleavage sites (Cost et al., 2001) . Future studies of chromatin structure at IT blocks may help to clarify the mechanism of their protection by TRF1.
Materials and methods

Cells and transfections
Chinese hamster V79-4 cell line obtained from ATCC was cultivated in RPMI1640 medium supplemented with 10% fetal calf serum (FCS). All transfections were done using TransFast reagent and protocols from Promega.
Antibodies
Sheep-anti-DIG was obtained from Roche, FITC-conjugated rabbit-anti-sheep and FITC-rabbit-anti-goat antibodies from Sigma, FITC-goat-anti-rabbit was obtained from Boeringer. Polyclonal antibodies against Ser-139-phosphorylated histone H2AX peptide were described earlier .
Plasmids
Construction of the plasmid encoding N-terminally GFPtagged TRF1/Pin2 was described in our earlier communication (Krutilina et al., 2001) . The plasmid pTetFLNLS encoding FN-tankyrase 1 and the tTA-expression vector pUHR15-1 described in Smith and de Lange (2000) were kindly provided to us by S Smith. Plasmid DNA was purified from lysates of E. coli using QUIAGEN Kits.
Preparation of metaphases and analysis of CAs
After 80 min treatment with demecolcine (final concentration, 30 mg/ml of growth medium), cells were washed in PBS and treated for 25 min at 371C in hypotonic solution (75 mm KCl-1% sodium citrate, 1 : 1). Fixation was done using methanolacetic acid (3 : 1) at À201C and chromosomes were then stained by Giemza and analysed in a Zeiss microscope. In one experiment, at least 200 metaphases were scored for each variant.
FISH with telomeric DNA probes
FISH on the interphase nuclei of GFP-TRF1 expressing Chinese hamster V79 cells has been performed using a digoxigenin (DIG)-labeled telomeric probe (Vysis), as descri- ). GenBank accession numbers of IT-1, IT-2, IT-3 and Fra1 (genomic DNA associated with an aphidicolin-sensitive fragile site) are: AF306800, AF306801, AF306802 and AJ000678. Absolute frequencies of the sites in Chinese hamster genomic DNA (Fg) and coding DNA (Fc) were calculated in sequences randomly selected from GenBank. The major L1 endonuclease nicking and L1/Alu element integration sites are taken from Jurka (1997) and Cost and Boeke (1998) ber earlier (Krutilina et al., 2001) . For detection of (TTAGGG)n sequences in metaphase chromosomes prepared by standard procedures, hybridization has been done with the the same DIG-labeled probe and detection performed using sheep-anti-DIG (1 : 100), FITC-conjugated rabbit-anti-sheep (1 : 100), FITC-goat-anti-rabbit (1 : 200) and FITC-rabbit-antigoat IgG (1 : 200). All antibodies were diluted in 0.5 Â blocking reagent (Roche), 4 Â SSC-0.2% Tween 20, incubations done at 371C for 40 min each and intermediate washes in 4 Â SSC-0.2% Tween 20 at 451C. Final washes were for 10 min at RT in 4 Â SSC and in PBS. Chromosome counterstaining was for 4 min in ethidium bromide (20 mg/ml in PBS), followed by washes in water and PBS.
Immunofluorescent visualization of g-H2AX and FN-tankyrase 1 GFP-TRF1-transfected V79 cells grown on microscopic slides were incubated in growth medium for 3 h after irradiation (2 Gy), then washed with PBS, extracted for 2.5 min at RT with 0.2% Triton X-100 in PBS, rinsed again with PBS and fixed for 10 min in ice-cold 3% formaldehyde solution. After washing in PBS, slides were incubated in 1% blocking reagent (Boehringer, cat. no. 1096 176) in PBS with 0.02% Tween 20 for 30 min at 371C. Antibodies were diluted with 0.5% blocking reagent (Boehringer) solution with 0.02% Tween 20. The incubations were performed at 371C, and between subsequent incubations the slides were washed by shaking for 30 min in PBS supplemented with 0.1% Tween 20. For g-H2AX labeling, slides were incubated with rabbit polyclonal anti-g-H2AX antibodies (1 : 400) for 1 h, followed by incubations with biotinylated goat-anti-rabbit IgG (Boeringer, 1 : 100, 40 min) and TRITC-conjugated rabbit-anti-goat IgG (Sigma, 1 : 200, 40 min). FN-tankyrase 1 was visualized using commercial mouse anti-FLAG M2 monoclonal antibodies (Sigma, 1 : 200, 30 min), biotinylated sheep-anti-mouse IgG (Sigma, 1 : 100, 1 h) and avidin-Texas red (Oncor, 1 : 50, 40 min).
Microscopy
Imaging of GFP-TRF1 in transiently transfected Chinese hamster cells and FRAP assays have been done using an inverted Zeiss 510 Confocal laser scanning microscope. Imaging of fluorescent signal from FISH, transfected FNtankyrase 1 and from double labeling for GFP-TRF1 and g-H2AX was on a Zeiss epifluorescence microscope equipped with a CCD camera and computer.
Abbreviations ATM, Ataxia teleangiectasia-mutated protein; CA, chromosome aberration; DSB, double-strand DNA break; GFP, green fluorescent protein; IT, internal non-telomeric blocks of (TTAGGG)n sequences; NHEJ, nonhomologous end-joining.
